Transcription activator-like effector nucleases (TALENs) are attractive and powerful molecular tools for targeted gene disruption because of their simple design and quick assembly. To evaluate the utility of TALENs in genome editing in Xenopus tropicalis, we prepared nine pairs of TALENs for the tyrosinase, noggin and MMP-9TH genes. All of the TALENs had some activity in a singlestrand annealing assay using a cultured frog cell line, suggesting double-stranded DNA cleavage activity by the TALENs at their target site. The injection of mRNAs encoding TALENs into fertilized X. tropicalis embryos resulted in Cel-1 cleavage of the PCR fragment containing the target site amplified from embryo genomic DNA, indicating that a mutation in the target gene had occurred during embryogenesis. These mutations were confirmed by the sequencing of clones derived from the PCR fragments of genomic DNA. Patches of vitiligo were observed in tadpoles raised from fertilized eggs that had been injected with mRNAs of TALENs for the tyrosinase gene. TALENs containing the repeat variable di-residue (RVD) NN appeared to show more activity than TALENs containing RVD NK, although both RVD NN and NK preferentially associate with a G nucleotide.
INTRODUCTION
Gene knockdown and knockout are generally used to clarify the functions of specific genes. Knockdown by antisense morpholinos works only during early development, and it does not completely abrogate target gene expression (Nasevicius and Ekker, 2000) , while gene knockout by homologous recombination in embryonic stem (ES) cells is only available in mice (Chisaka and Capecchi, 1991) and rats (Tong et al., 2011) due to the difficulty of establishing ES cell lines from other species. Recently, a new method of target gene disruption has been developed, that relies on the cleavage of specific sequences within the genome using zinc-finger nucleases (ZFNs), which are fusion proteins consisting of a zinc-finger DNA-binding sequence and the nuclease domain of the restriction enzyme FokI. ZFNs recognize the targeted nucleotide sequences and induce double-strand breaks, which are repaired by homologous recombination (Bibikova et al., 2001 ) and non-homologous end-joining (NHEJ) (Lukacsovich et al., 1994) . This method has been applied for targeted mutagenesis in many species, such as nematode (Morton et al., 2006) , zebrafish (Doyon et al., 2008; Meng et al., 2008) , fruit fly (Beumer et al., 2008) and frog (Young et al., 2011) . However, it is often difficult to design arrays of zinc fingers to bind to a DNA sequence of interest because some nucleotide triplets do not have a known corresponding zinc finger, and the specificities of individual fingers in an array can be affected by sequence context.
Transcription activator-like effectors (TALEs) are proteins that are injected into plant cells by phytopathogenic bacteria of the genus Xanthomonas, which bind to effectorspecific promoter sequences, and activate gene expression to cause disease symptoms. The central DNA-binding domain of TALEs is composed of 33-35 amino acid repeats, and each of these repeats recognizes a different DNA base pair (Boch et al., 2009; Moscou and Bogdanove, 2009 ). This nucleotide binding preference is dependent on the adjacent residues at positions 12 and 13 in each repeat, which are referred to as the repeat variable di-residue (RVD). In vitroassembled repeat arrays target a pre-defined nucleotide sequence and there is no evidence so far that the base preferences of TALE repeats are context-dependent, such as for ZFNs (Cermak et al., 2011; Morbitzer et al., 2011) . The DNA-binding domain of a TALE can be fused to the catalytic domain of FokI to construct TALE nucleases (TALENs) with specificity for a target DNA sequence and double-stranded DNA-cutting activity (Christian et al., 2010; Li et al., 2010) . The construction of TALENs with customized repeat arrays can be facilitated by using Golden Gate cloning to assemble multiple repeat-encoding DNA fragments in an ordered fashion in a single reaction (Cermak et al., 2011) . TALENinduced mutagenesis has been used for targeted mutagenesis in the nematode (Wood et al., 2011) , zebrafish (Cade et al., 2012; Moore et al., 2012) , cricket (Watanabe et al., 2012) and fly (Liu et al., 2012) .
In the present study, we demonstrated that targeted genomic sequences are efficiently disrupted by injecting TALEN mRNAs into fertilized X. tropicalis eggs.
MATERIALS AND METHODS

Animals
The Ivory Coast line of Xenopus tropicalis (X. tropicalis) was provided by the National Bio-Resource Project (NBRP) of the MEXT, Japan. Fertilized eggs were obtained from pairs of male and female X. tropicalis after an injection of human chorionic gonadotropin. The tadpoles were reared in dechlorinated tap water (28°C) and fed Sera Micron (Sera). The frogs were maintained at 24°C. All animals were maintained and used in accordance with the guidelines established by Hiroshima University for the care and use of experimental animals.
Construction of transcription activator-like effector nucleases (TALENs)
TALENs were designed using TAL Effector-Nucleotide Targeter 2.0 (Doyle et al., 2012) and assemblies were performed as previously described (Cermak et al., 2011) , with minor modifications as follows. T4 DNA ligase was supplied by Promega. The BsaI cutting and ligation reaction was carried out in a thermocycler with incubation for 50 cycles of 1 min at 37°C and 2 min at 16°C, followed by 5 min at 50°C and 5 min at 80°C. The pTAL3 vector was digested with BglII and SacI to release the 2.7-kbp insert, which was cloned into the multi cloning site of pCMV-Script EX (dTRE) (Okada et al., 2012) . The constructed vector was named pCMV-TAL and used instead of pTAL3 or pTAL4. DTT (1 mM) was added to the Esp3I cutting and ligation reaction mixture, which was incubated for 10 cycles of 1 min at 37°C and 2 min at 16°C, followed by 15 min at 37°C and 5 min at 80°C.
Single-strand annealing (SSA) assay
The double-stranded TALEN target sequences and non-related control sequence (Table 1) were synthesized and inserted into the EcoRI and XhoI sites of the pRL-CMV-SSA vector . The cultured frog kidney cell line A6 was cotransfected with the TALEN-expressing pCMV-TAL, pRL-CMV-SSA reporter vector and pGL3-Control vector (Promega) (31.25 ng each) using 0.3 μl of FuGENE 6 Transfection Reagent (Roche) in each well of 24-well plates. After three days at 25°C, dual-luciferase assays were performed using the Dual-Luciferase Reporter Assay System (Promega), following the manufacturer's instructions.
RNA microinjection
TALEN mRNAs were injected into X. tropicalis embryos at the one-cell stage along with 200 pg of mCherry mRNA (Clontech). The fluorescent product of the latter was used to identify successfully injected embryos and confirm that the injected mRNA had been translated (Young et al., 2011) . Embryos were raised in 0.1 × MMR with 0.1% BSA and 50 μg/ml gentamycin at 22°C.
Mutation analysis
Genomic DNA was extracted from whole embryos at NF stage 35/36 (Nieuwkoop and Faber, 1956 ) using the SimplePrep reagent for DNA (TaKaRa). Then, 587-bp (tyrosinase), 447-bp (noggin) and 451-bp (MMP-9TH) DNA fragments were amplified from X. tropicalis genomic DNA by PCR using the corresponding primers (Table 1 ). The amplified fragments were inserted into the pGEM-T Easy vector (Promega), and the nucleotide sequences were subsequently determined.
RESULTS AND DISCUSSION
To determine whether TALENs are useful for targeted gene disruption in the frog X. tropicalis, we constructed four TALEN pairs (Tyr-A, Tyr-B, Tyr-C and Tyr-D) for the tyrosinase gene, two pairs (Nog-A and Nog-B) for the noggin gene and three pairs (MMP-A, MMP-B and MMP-C) for the MMP-9TH gene (Fujimoto et al., 2006) as described by Cermak et al. (Cermak et al., 2011) . The target sites and sequences are shown in Fig. 1 and Table 1 . An albino X. tropicalis was generated by the disruption of the tyrosinase gene using zinc-finger nucleases (ZFNs) in our previous Table 1 . Oligonucleotide sequence information. The oligonucleotides were used for PCR, sequencing and reporter construction.
Oligonucleotides
Sequence (5' to 3') description
a, The forward primer (FP) and reverse primer (RP) were used for PCR and sequence determination. b, The oligonucletides (-F and -R) were annealed, and ligated with EcoRI-and XhoI-digested pRL-CMV-SSA reporter vector.
study ; in this paper, the sites recognized by the tyrosinase ZFNs (ZFN set-1, set-2 and set-3) were selected to design the tyrosinase TALENs and compare the activities of TALENs and ZFNs. The Tyr-A and Tyr-B recognition sites overlapped with ZFN set-1, while the Tyr-D site overlapped with ZFN set-2 (Nakajima et al., 2012) (Fig. 1D) . The Nog-A recognition site overlapped with Noggin ZFN L and R (Young et al., 2011) (Fig. 1E) . The activity of all prepared TALENs was examined with a single-strand annealing (SSA) assay in Xenopus A6 cells (Rafferty, 1969) . Each of the TALENs had significantly higher activity for an SSA reporter containing its target site than a control SSA reporter. Nog-A showed the strongest activity, inducing a 16-fold change in luciferase activity ( Fig. 2A) . The activity of Tyr-B (3.70 ± 0.27) was as strong as ZFN set-1 (3.63 ± 0.27), but Tyr-D (2.08 ± 0.26) was weaker than ZFN set-2 (7.89 ± 0.81).
To evaluate the activity of TALENs in embryos, we injected Tyr-B, Nog-A or MMP-A mRNAs into fertilized onecell-stage embryos along with mCherry mRNA. The coinjection of mCherry mRNA facilitated the identification of successfully injected embryos at hatching (Young et al., 2011) . Genomic DNA was extracted from mCherry-expressing embryos at NF stage 35/36 (Nieuwkoop and Faber, 1956 ) and used to amplify DNA fragments containing the TALEN target sequences by PCR. Cel-1 assays (Miller et al., 2007) were performed to examine whether mutations had been introduced into the genomic DNA. Obvious Cel-1-cleaved DNA fragments were observed in noggin amplicons derived from Nog-A mRNAs-injected embryos, and faint fragments were found for MMP-9TH amplicons from MMP-A mRNAsinjected embryos. Clear digested fragments were not detected for tyrosinase amplicons from Tyr-B mRNAsinjected embryos, possibly due to the high background (Fig.  2B, C) . The ambiguous fragment can be seen in the original photograph.
To confirm that the mutations were caused by the injected TALEN mRNAs, DNA fragments containing the target site were amplified by PCR using genomic DNA from the single embryos that had been used for Cel-1 assay and inserted into a vector. Clones were randomly selected for sequencing. The mutation rates in the targeted gene loci were 13% (4/32), 81% (13/16) and 36% (5/14) in clones derived from the genomic DNA of the Tyr-B, Nog-A and MMP-A mRNAs-injected embryos, respectively (Fig.  3) . The mutations included nucleotide insertion and deletion, presumably created by the double-strand cleavage by TALENs and error-prone NHEJ repair. These mutation efficiencies are comparable to ZFNs, which ranged from 10% to 47% in embryos injected with noggin-targeted ZFN mRNAs (Young et al., 2011) . Half of the clones derived from the Nog-A mRNAs-injected embryo shared the same deletion, suggesting that this mutation had been introduced at the two-cell stage.
No phenotypes were observed in tadpoles raised from fertilized eggs that had been injected with Nog-A or MMP-A mRNAs, although Nog-A and MMP-A have the strong and modest activities, respectively, in the SSA assay, Cel-1 assay and mutation analysis. Because TALEN mRNAsinjected tadpoles should be genetic chimeras, as shown by our previous report , meaning that wild-type, heterozygous and homozygous cells form clusters, and are mingled together. As Noggin is a secreted protein, neighboring wild-type and heterozygous cells secrete Noggin at the appropriate time during the development, even if homozygous cells cannot. It is possible that other BMP antagonists play a compensatory role instead of Noggin (Young et al., 2011) . MMP-9TH is also a secreted protein, and expressed only during the metamorphosis climax (Fujimoto et al., 2006) when several MMP genes are activated at the same time (Fujimoto et al., 2007) . The biallelic ablation of the tyrosinase gene in melanocytes are expected to result in the appearance of vitiliginous patches, as tyrosinase is a key enzyme in melanin biosynthesis. Patches of vitiligo were found in the tadpoles raised from fertilized eggs that had been injected with Tyr-B and Tyr-C mRNAs (Fig. 4C, D) . Similar vitiliginous patches were noted when tyrosinase genes were disrupted in a biallelic manner by tyrosinase-targeted ZFNs (Fig. 4B ). This result suggested that Tyr-B and Tyr-C had some activities in embryos, although their activities might be weak in Cel-1 assay. When increasing amounts of Tyr-B mRNAs were injected into fertilized eggs, vitiliginous patches were observed more frequently (Table 2 ). This showed the dosedependent activity of TALEN mRNAs, although the embryoinjection of TALEN mRNAs at higher doses induced the toxic effect.
The formation of vitiliginous patches suggests that the biallelic mutation of the tyrosinase gene was induced at the late stage of development (Fig. 4C, D) . Although we do not know the time course of TALEN activity, we followed the translated product of the co-injected mCherry mRNA. The Fig. 2 . The functional activity of TALENs. (A) An SSA assay was performed to determine TALEN activity. A6 cells were transfected, incubated for three days at 25°C and evaluated for luciferase activity. The increased activation resulting from the cleavage of TALEN target sites and single-strand annealing to repair the luciferase gene is represented by the relative luciferase activity levels in cells transfected with the TALEN expression constructs, an SSA reporter gene with the target site and a reference gene for transfection. These activity levels are shown relative to those of cells transfected with the TALEN expression constructs, an SSA reporter gene with a nonrelated sequence as the target site and a reference gene. All TALENs had statistically significant activity, as assessed using Student's ttest (P < 0.05). The data are expressed as the means ± SEM (n = 3). (B) A Cel-1 assay was performed to estimate the TALEN activity in embryos. Fertilized eggs were injected with Tyr-B mRNAs (400 pg each), Nog-A mRNAs (100 pg each) or MMP-A mRNAs (400 pg each) along with 200 pg of mCherry mRNA. Genomic DNA was extracted from whole embryos at NF stage 35/36 (Nieuwkoop and Faber, 1956 ). The 587-bp, 447-bp and 451-bp tyrosinase, noggin and MMP-9TH DNA fragments, respectively, were amplified from genomic DNA by PCR using the corresponding primers (Table 1 ). The Cel-1 assay was performed as described previously (Miller et al., 2007) . C, control embryos without injection. M, molecular weight markers. (C) Histograms of the signal intensity in controls (gray lines) and the representative (black lines) lanes of (B). Arrowheads indicate the expected sizes of fragments generated by Cel-1 digestion. 
fluorescence of mCherry had a peak a few days after the embryo-injection and was observed for more than two weeks. The expression pattern might be useful to estimate the developmental TALEN activity, although the difference in the stability of mCherry and TALEN mRNAs and proteins should be considered.
All of the TALENs that were synthesized for this study were constructed using the four most common RVDs -HD, NI, NG, and NN -which associate most frequently with C, A, T and G, respectively (Cermak et al., 2011) . However, some evidence suggests that the less common RVD NK has greater specificity for G than RVD NN (Miller et al., 2011) . To compare the activities of TALENs using RVD NN and NK, new Tyr-B and MMP-A TALENs were constructed using RVD NK and designated Tyr-B (NK) and MMP-A (NK), respectively. In an SSA assay, Tyr-B had significantly higher activity than Tyr-B (NK), while no significant difference was detected between the activities of MMP-A and MMP-A (NK) (Fig. 5) .
We showed that the microinjection of TALEN mRNAs into fertilized eggs leads to mutations in the targeted gene locus in X. tropicalis, resulting in gene disruption, as observed in embryos injected with ZFN mRNAs. X. tropicalis has several advantages as an experimental animal (Kashiwagi et al., 2010) . In particular, numerous relatively large eggs can be obtained by hormonally controlling the time of ovulation, and embryogenesis proceeds quickly ex vivo. Thus, X. tropicalis is a useful organism to improve targeted gene knockout techniques, such as those using TALENs, as many fertilized eggs are available simultaneously on demand, allowing for the examination of many different experimental conditions. Additionally, the eggs are robust and amenable to embryo injection. A one-day-old embryo is suitable for Cel-1 assays and sequence analysis of a gene of interest using genomic DNA. This system in frog may contribute to the development of genome editing techniques that will facilitate the development of targeted gene knockout in many animal species. Tyr-B and MMP-A, composed of RVD NN or RVD NK to recognize the G residue, were constructed. The activities of these TALENs were evaluated with an SSA assay, as described in the legend of Fig. 2A . The data are expressed as the means ± SEM (n = 3). The statistical significance of differences in activity between Tyr-B and Tyr-B (NK) and between MMP-A and MMP-A (NK) was assessed using Student's t-test. *P < 0.005.
